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Absteact

The heterogencous reactions of CIONO, 11,0 - > HNO, 1 HOC! (1 ), CIONO, -1 HCI -»
Cl, -1 INO, (2.), and HOCIH1ICI-> CL 1 1LO (3) onliquid sulfuric acid surfaces have been
studied using a fast flow- reactor coupled to a quadrupole mass spectrometer. The main objectives
of the study are to investigate @) temperature dependence of these reactions at a fixed 11,0 partial
pressure typically inthelowerstratosphere, h) Jclative impel tance o1 compet ition between
react ions 1 and 2, and ¢) the effect of 11 NO; on the reaction probabilities due to the formation
of all,SO,/MNNO,/1L,0 temary system. The measutements show that all the reactions depend
markedly on temperature at a fixed 1,0 partial pressure: they proceed efficiently at temperatures
near 200 K and muchslower a temperatures near 2.2.0 K. The reaction pr obability (y,) for
CIONO, hydrolysis approaches 0.01 at temperatares below 200 K, whereas the values for v, and
Y; ate on the order of a few troths at 200 K. Although detailed mechanisms for them reactions
arc still unknown, the present data indicate that the competition between CIONO, hydrolysis and
CIONO, recaction with HCI may depend on temperature (or 1,80, wt %): in the presence of
gascous 1 1Cl at stratospheric concentrations, reaction 2 is dominant at lowertempetratures (< 2.00
K), butreaction I becomes impor tant at temperatures above 210 K, Fur thermore, reaction
probability measurements performed onthe 11,50,/ 1NO,/11,0 ternary solutions do not exhibit
noticeable deviation from those per formed on the 112S04/1 1,0 binary system, suggesting litlle
effect of HNO,; i sulfate acrosols on the CIONQO, and HOC] 1cactions with HCI The 1esults
reveal that significant reductions in the chlorine containing reservoir species (such as CIONO,
and 11Cl) can take plain on stratospheric sulfate acrosols a high latitudes in winter and eaily
spring, even at temperatures t00 warm fo1 polai stratospheric clouds (PSCs) to form 01 iniegions
where nucleation of PSCs is sparse. This IS patticulatly tiue under elevated sulfuric acid loading,
such as that after the eruption of Mt. Pinatubo.




Introduction

11 is now well established that heterogenco us reactions occurting on the surfaces of polai
stratospheric cloud particles play a central role in the ozone depletion.! The surface-catalyzed
reactions converl chlorine-containing reservoir species into photochemically reactive forms,
leading to high rates of orone destiuction by active chlorine species, Cland C10. Of equal
importance to the polar stratospheric ozone depletion is the concomitant removal of nitrogen
oxides from the gas phase, which inhibits the forination of chlorine nitrate and subsequently leads
tolarge cone.cntlations of C1O. Such heterogencous processing of reservoir chlorine species on
PSC particles has been clearly seeninrecent ficld observations, showing chemical changes such
as the inciease in ClO and concur rent decr eases in HCI, CIONQ,, and ozone as measured from
inside to outside of the chemically perturbedregionsin Antarctica and the Arctic.” Furthermore,
laboratory studies have documented that these heterogencous reactions proceed efficiently cm the
PSC materials,® which are believed to consist of either nitric acid hydrates (type 1) orice (lype
1).78

Similarreactions occuniing on stratospheric sulfate acrosols have also been proposed to
have asignificant effect on the chemist ry of the global stlatosphetc.9-’1 The sulfate acrosol layer,
which exists at latitudes between10and 30 km, is composed of aqueous sulfuric acid particles
with a mean diameter of about 0.1 jun and concent ration fiom 1 to 10 cm™ under unper turbated
stratospheric conditions. Major volcanic eruptions, such as the eruption of h4t. Pinatubo, may
significantly increase the particle size and concentration. Stecle ctal.”” first compiled the sulfate
ac1 osol compositions as a function of tempet atui ¢, predicting an aerosol concentiation of 70-80
wl 070 at mid- latitudes and of less than 50 wt 0/0 at high latitudes. Recent studies’ ' have
suggested that, at lower temperatures such as those pievailing in the carly polar winter, the sulfate
aerosols absorb a significantamount of 1 INQ,, leading to the formation of a 11, SO /HNO,/I1,0
ternar y system prior to the onset of PSCs. Additionally, on the basis of laboratory observations,

1718 or monohydrate'

crystalline sulfuric acid hydrates such as tetrahydrate and hemihexahy drate
have been proposedtoformand persist in certain stratospheric regions.
The heterogencous reactions, which could promote chlorine activation and affec  the

stratospheric NO, budget, are as follows:




CIONO, -1 11,0 - > 1INO, -1 HOCI Q)

CIONO, -+ 11C1 ) 1INO, -1 Cl, 2)

1OCI 1 1CL-) L+ 11,0 3)

On crystalline sulfuric acid tetrahydrate, reactions 1 to 3 have been shown to proceed efficiently
at low temperatures (< 200 K).**** Karlier volubility studies™ reported a negligible amount of HC]I
in liquid sulfate aerosols, too small for reactions ? and 3 1o occurat significant rates on the
global stratosphere. in addition, other laboratory studies yielded very small uptake coefficients
for these reactions on liquid sulfuric acid solutions.””*’ It isnow clear that the rates of these two
reactions are critically determined by the amount of 11CI dissolved in the liquid solutions, which,
in turn, depends on both temperature and acrosol acid content. ‘Jbus, changes in stratospheric
temperatures (which will also change the sulfate acrosol concentration) would likely result in
highly ncm-linear behavior for these two reactions. Recent laboratory results predict an
equilibrium HClconcentration as high as 0.1% by weightin the stratospheric sulfate aerosols
at temperatures below 192. K and at an} 1CImixing ratio of a few ppbv,'* an amount which
would be consistent with reaction probabilities on the order of a fcw tenths for reactions 2 and
3.3 More recently, efforts have been made to calculate reaction probabilities based on laboratory

measured quantities:**”®

a theoretical framework has been proposed to apply the laborator y data
to the stratosphere. Chemical processing of ai1r by stratospheric sulfate acrosols viaieactions 2
and 3 at high latitudes is supported by recent AASE 1l observations,' which 1 eveal a significant
depletion in both C1ONO,and11Clcolumn abundances in the Pinatubo plume, even when there
is no PSC signature.
Another important heterogeneous reaction on liquid sulfate aerosols is

N,O, 1 11,0 - ) 21INO, (4)
This reaction is believed to reduce the stratospheric NO,  concentration and consequently result
mincrease inthe abundances of C10 and 011, Several laboratory 1esults have concluded that the
reaction probability for reaction4isindependent of temperature, sulfuric acid concentiation, and
even patticle size, with a value of about0.1.™ ** 1’ hereis now accumulating evidence that the
observed abundance of nitrogenand chlorine species inmid- latitudes cannot be simulated
accurately in numerical models by gas phase plot.csscs alone, but that inclusion of N,O;

hydrolysis produces better agreement between observations and calculations. Conversely, the
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proposed formation of solid sulfuric acid patticles in the stratosphere could potentially suppress
the N,O, hydrolysis and thus terminate this reaction channel.'>*

The aim of this work is to perform direct laboratory experiments on liquid sulfuric acid
surfaces under stratospheric conditions. The reaction probabilities for CIONO, hydrolysis and HCl
reactions with CIONO, and HOCI at the reactant concentrations characteristic of the lower
stratosphere have been measured. The temperature dependence of these reactions was investigated
at afixed 11,0 mixing ratio of about 5 ppmv and at temperatures from 195 to 220 K. The relative
importance Or competition between the hydrolysis of CIONQ, and the CIONQO, reaction with 11l
was also examined so that accurate chlorine activation] processes cm the stratospheric sulfate
aerosols can be applied and simulated in atmospheric models. Finally, we investigated the effect
of HINO,onthe reaction probabilities due to the formation of the ternary 1, SO,/1INO,/11,0

system, which has been proposed to occur prior to the onset of type 1 PSCs.

Ex perimental Approach

Reaction probability measurements were pet formed in a fast flow reactor attached to a
differentially pumped quadrupole mass spectrometer. The1eactor section is shown schematically
in Figure ], Anoverview Of the experimental procedure 1S given here, and details of the
apparatus have been discussed elsewhere.*

The flow reactor, of inner diameter 2.8 cm and length 34.0 cm, was horizontally- mounted
and had three movable injectorslocated at the upstream end. A jacketed injector (1.0-cmo.d.)
keptwarm by circulating a room temperat ure solution of ethylene glycolin water was used to
add 11,0 ant] HNO, to the system. Normally, this injector was’ positioned near the upstieamend
to prevent possible warming, of the substrate. The reactants (such as CIONO, or 110(1) were
introduced through a centrally-locatcc{ unjacketedinjector (0.3-cm o.d.), and a third unjacketed
injector of similar o.d. was used to introduce HCL. All the gaseous species were delivered to the
flow tube along with small 11e flow (O. 1-S.0 cm®rein] at S'1'1’) and further diluted in the main
e flow (280 cm® rei™~" at STP) before contacting the liquid surface Typically, the flow reactor
was operated at 0.5 Torr total pressure and 890 cm/s flow velocity.

Liquid H,S0, films were prepared by totally covering the inside walls of the flow tube
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with sulfuric, acid solutions. To ensure a uniform wetting, the flow tube was first cleaned with
a dilute HF solution and then rinsed with distilled water. At low temperatures (< 220 K) the
solutions were suffi ciently viscous to produce an essentially static film which lasted over the time
scale of the experiments. The thickness of the liquid was estimated to be ~ 0.1 mm.

The sulfuric acid content initially used was less than 70 wt % to avoid possible freezing
of the film at temperature above 220 K. During the course of the experiments, the acid content .
can be varied by addition of 1120 through the jacketed injector; once exposed to 1120, the sulfuric
acid film took up 11,0 and became more dilute until equilibrium was reached. Alternatively,
compositional changes of the film can be made through evaporation of 11,0, by raising the flow
lube temperature and by flowing dry helium over the sample. Critical parameters for the
measurements were temperature and 11,0 partial pressure, which determined the H, SO, content
(the temperature and 11,0 partial pressure in the flow tube were used to estimate the acid content
from the vapor pressure data of Zeleznik® and Zhang eta, '*). For most experiments reported
here, the 11,0 partial pressure was closely maintained at -- 3.8x1 0" Tort (corresponding to 5
ppmv )1,0 mixing ratio at 100 mb in the stratosphere) while the temperature was regulated from
195 to 220 K. This was equivalent to changing 11,SO, content from 45to 70 wt %. ‘Jbus, by
using 11,0 partial pressures similar to those found in the stratosphere, the liquid film had
compositions representative of stiatospheric sulfate aerosols. Frequently, the film crystallized
upon further cooling Mow 195 K.

For measurements of reactive uptakes of CIONO,and110Clon sulfuric acid due to the
reactions with HCI, the acid film was first exposed to HClvapor before introducing the reactant.
In these measurements, it was important to ensure the equilibrium of HCl between the gas and
liquid, This can be verified by pulling the HClinjector upstream while monitoring, the HClsignal
recovery in the mass spectrometer. Also, the gascous HCl concentration had to be effectively
maintained to offset changes in temperature or in 11,SO, content induced by addition or
evaporation of 11,0. Similarly, HNO, was aso inttoduced from the gas phase andallowed to
equilibrate with the liquid.

Reaction probabilities (7y's) were calculated from first-order rate constants obtained from
the reactant loss or product growth. The surface area of sulfuricacid films was assumed to be

the geometric arca of the flow tube. Standard cylindrical flow tube anaysis technique were
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used.” Corrections for gas-phase diffusion were made by using the method developed by

Brown.** The diffusion coefficients of CIONO,, 110Cl, and HC! were estimated using the method
described by Marrero and Mason:* the values were 176,215, and 296 Torr cm?s™ for CIONOQ,,
110CI, and 11Clat 200 K, respectively. A temperature dependence of 1''7S was employed. The
Brown correction was approximately 1 0% for small y values (y < 0.01) and as large as a factor
of 4 for large values (Y > 0.2).

CIONO, was synthesized by the reaction of C1,0 with N,0,,* and was eluted from atrap
at 192 K through ametering, valve with a He flow of O. 1-5.0 em® rei™~’ at SI'I. in calibrating
CION O,, He was flowed through the CIONQO, sample kept at 144 K and the CIONO,
concentrationin the flow tube was estimated by assuming full saturation of the He flow when
it exited the CIONO, trap. HOCI was produced by passing CIONO, through a40 wt °/0 11,S0,
solution at 273 K. This source was stable during the experiment and contained few impurities.
The }10(1 concentration was estimated by its production from reaction 1 onaliquid11,SO, film.
For this case, a stoichiometric ratio of unity was assumed for HOCI formed clue to CIONO, lost
(ustification is given below). HCI was added to the flow tube from a dilute mixturein e (0.1 -
5.0 %), and its concentration Was determined cither by observing the pressure rise in the flow
tube upon its addition or by using a1 0 cm® rein” (at S'JJ) mass flow meter. HINO, was collected
from a 3:1 solution of 11,S0,(96 wt %) and HHNO, (70 wt %) and was calibrated similarly to
11Cl. Waler signals were calibrated by depositing anice film and using itS vapor pressure over
the temperature range of 190-2.30 K.*

HCI, HOCI, and Cl, were monitored at their parent peaks of 36, 52, and 70, respectively.
CIONO, and 11 NO, were both detected at m/e = 46 which corresponds to the NO," ion fragment.
Detection limits were about 5x10°* Torr for C10NO,, Cl,, 110C1, and HNO, and 1 xI 0" Torr for
[] Cl. These detection sensitivities were limited mainly by background partial pressures. During
the experiments, all the relevant mass spectrometer sighals were sSimultaneously recorded by using

acomputer data acquisition system.

Results

Observations of Physical Uptake of HCI, 10CI andHNO, on 1 .iquid Sulfuric Acid
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Because HCland HNO, were addedto the liquid sulfuric acid films by allowing the acid
surface to equilibrate with the vapors introduced with the carrier gas, it was essentialto
understand their adsorption behavior on 112S04 over the temperature and acid content range
investigated. Also, HOCI formed by the reaction of C1IONO, with 1,0 may beretained in the
11,S0, solution, possibly affecting the y values determined. Furthermore, for the HOCI reaction
with HCI, the physical uptake of HOCH in 11,SO, solution needs to be excluded when deducing
Ys basal on the HOCI loss. As a result, some direct measurements of HCI, HOCI, and 1] NO,
uptakes from the gas phase were carried out. These measurements aso provide information on
the time scale for reaching gas and liquid phase equilibrium.

To perform the uptake experiment, a stcad-state flow of the adsorbed gas was first
established through one of the injectors pushed in just passing the hquid sulfuric acid film (the
jacketed injector was only used for Il NO,). The injector was then quickly pulled upstream
exposing, a section of the film to the vapor while monitoring, its mass spectrometer signal.
Examples of these results are shown inYigure 2 a a 11,0 partial pressure of ~3.8x1 0'“Torr. in
Figure 2(a), a1 O-cm length of sulfuric acid film was exposed to HCI at 2 rein: the HCI
concentration in the gas phase fell instantly upon puiling the injector and then returned to its
original value as the film was saturated with 1CI. At this point, no further uptake was observe(i,
suggesting that an cquilibriumhad been reached between the gas anti liquid. At 4 min, tile
injector was pushed back, resulting in a similar, yet opposite peak due to 11Cl desorption. Both
the adsorption and desorption occurred on a time scale of less than a minute. An HCl partial
pressure of 5x107 Torr was used in this experiment. In sulfuric acid, 1 1CHundergoes dissociation,
dependent on the acidic content;’” its reactive form is likely to be Cl.

Plotied in Figure 2(b) is the HOClsignal asit evolved with time due to exposure of a 10-
cm length sulfuric acid film at the HOCI partial pressure of 1x1 0“"“1’err, This uptake is
qualitatively similar to that for HCI. Though a weak acid, HOCI also dissociates in highly acidic
11,S0, solutions.'® As can be conelu(iei from Figure 2(b), so long as sufficient time is allowed
to saturate the acid film, reaction probabilities for the CIONO, hydrolysis (or HOClreaction with
HCI) can be accurately derived based on the HOCI growth (or decay).

in contrast, HNO, uptake by the 10-cm 11,80, film was substantial (¥igure 2 (c)); it took

about 45 min to reach saturation for the HINO, partial pressure of 5x1 0" Torr. As shown in

8




Figure 2(c), the slow recovery in HNO; after the initial drop is most likely controlled by
interfacial mass transport or by liquid-phase diffusion. The signifi cant uptake of HNO, by sulfuric
acid is consistent with the formation of al1,S0,/1INO,/11,0 ternary system at this temperature,
as notedinthe introduction section. The extent of HINO, dissociation in sulfuric acid is aso
dependent on acidity.*®

Both the absorption and desorption curves, as displayedin Figure 2, can be applied to
extract information such as the product of the 1 Ienry ‘s law solubility constant (#7) and square root
of the liquid-diffusion coefficients (12,*). or example, the valuesinFigure 2 correspond to 25
and 41(in the units of M atm™ ems™) for HCland HOC!. Over the few measurements taken in
this work, the results are generally in good agreement with those reported by 1 Ianson and
Ravishankara.*®

As expected, at a given H,0 partia pressure, we have observed drastic increases in the
uptake with decreasing temperature, indicating very strong negative temperature dependencies.
For conditions similar to those in Figure 2.(a), the time scale for HCI saturation (i. e., the time for
the signaltoreturnto its initial level) was as long as about 15 minutes at 195 K, whereas the
HCI1 uptake was undetectable at 220 K. in general, solubilities of these species in11,S0, increase
with decreasing temperature at a given acid content and increase with decreasing 111S04 content
at a given temperature. Since the 11,0 partial pressure was held constant in our experiments,
temperature dependencies Of these uptakes wer ¢ actually two fold: at low temperatures the
solubilities increased due to both decreasing temperature and decreasing 112504 content.

It should be pointed out that here wc examine only the qualitative behavior of these
uptake phenomena in terms of relevance to the present work. Detailed studies have been reported

by Hanson and Ravishankara **

Reaction of CIONO, with 11,0

We have performed direct measurements of uptake coefficients for CIONO, on liquid
sulfuric acid films at temperatures between 195 and 220 K and at a 11,0 partial pressure of --
3.8x10 Torr, Reaction probabilities (y,) were obtained by observing the decay of CIONO, or

the growth of 110C] as afunction of injector position as it was pulled successively upstream over
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the acid film.

A typical result of reactive uptake of CJONO, by sulfuric acid solution is shown in Figure
3 as time evolution of CIONO, and HOCI signals. The experiment was pm-formed at 199 K and
at a CIONO,; partial pressure of 1x10“7 Torr. At -- 2 rein, al O-cm length of 1,80, film was
exposed to CIONQ, by pulling the injector upsti cam, and the signal of CIONO, dropped sharply
to a very small value while the HOCIsignalrose; at ~ 9.2 rein, the injector was moved back
downstream to stop the exposure and both the CIONO, and HOCl signals returned to their initia
levels. The HOCI signal is found to exhibit a noticeable delay of about a minute and half when
the injector was positioned both upstream and downstream, consistent with the above-mentioned
uptake behavior. As displayedinthe figure, the product that leaves the surface is identified as
HOC]I; the other product, IINO,, is left behind on the film since it is very soluble inthe cold
sulfuric acid solutions. '* In all of our experiments of this type, the maximum signal due to HOCI
was always comparable to the initial CIONO, signal. Because the relative detection sensitivity
of the mass spectrometer for the two molecules was approximately the same, the measurements
suggest that CIONO, reacting with 11,0 on liquid sulfuric acid yields one HOCI.

in addition to the CIONQ, reaction with 11,0, some loss of CIONO, may be related to its
physical uptake by sulfuric acid. in our experiments, however, it is virtually impractical to
separate the two processes. Nevertheless, this should have a neghgible effect on the 7y
measurements, because we obtained essentially the same 7's based on both CIONO, decay and
1OCI growth, as discussed below. Hanson and Ravishankara29 reported asolubility constant of
about 103 M atm™ for C10NO,in a 60°/011,S0O, solution at 2.02 K.

Figure 4 isasemi-log plot of measured CIONO, and HOCI signals versus injector position
for an experiment performed at 199 K and at an initial CIONO, partial pressure of 1.2x10" Torr.
The slope of the CIONO, decay line yiclds the first-or(icr rate coefficient. The nearly-constant
concentration for 110~1 at larger injector distance can be viewed as a asymptotic. value. 1 lence
a plot of log(S)10c1(e0) " Sy0(2)) versus injector distance (where z iS the injector position and
Sioci(ee) is the asymptotic HOCl signal at large injector distance, estimated visually from the
figure) should be linear (¥igure 4(b)). The slope of such a plot aso yields a first-order rate
coefficient. Both the CIONO, decay and HOC | growth validate the first order Kinetics. These

coefficients lead to reaction probabilities of 0,010 and 0.012 corresponding to the CIONOQ, decay
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anti HOC]I growth, respectively. Note that the reaction probability obtained from the HOCI growth
is very sensitive to the determination of the asymptotic value of Syioci(eo). For smaller reactive
uptake of CIONO, (i .c., at high temperatures), a longer injector distance iS nceded to derive its
value.

in Yigure 5, values of vy, calculated from experiments such as those displayed in Figure
4are presented as a function of temperature using Zciono, = 8X1 0°to 2x10-7 Torr. The open
circles denote v,'s obtained from the CIONO, decay and the solid ones are based on the HOCI
growth. The solid line is a polynomial fitthrough the data; the coefficients arc summarized in
‘I'able 1 along with the experimental conditions, The estimated error limit of they, values is
approximately 4 30%, which includes the uncertainties in measuring the first-order rate constant
andin correcting for gas-phase diffusion.

It can be shown in the figure that, as the temperature varies from 2.20 to 196 K, Y,
changes from about 3x10"to 0.03, increasing by two orders of magnitude. At the same time, the
1,80, film is diluted from about 70 wt % to less than 50 wt %. ‘1'bus, the CIONO, hydrolysis
shows a strong dependence on sulfuric acid content, in contrast to N,0.>**' Also, these
mcasurements do not discriminate the effects of surface versus bulk reactions and represent only
the overall process. For stratospheric applications, however, the measured Y's need to be corrected

for the finite dimension of the sulfate aerosols; this will be discussed in a later section.

Reaction of CIONO,_ with HCI

We investigated the reactive uptake of CIONO, by liquid 1,80, in the presence of HCI
vapor (y,): the measurements were performed by first allowing the substrate to equilibrate with
11Clvapor introduced into the flow tube with 1 le through one of the unjacketed injectors.

Figure 6 shows the temporal profiles of CIONQO,, Cl,, HOC]I, and HC] signals for a typical
experiment conducted a 202 K. The initial partial pressures of CIONO, and HCI for this
experiment were 1 xI 07 and 5x10'7 ‘1’ err, respectively. At Iminthe (10NO,injector was pulled
upstream by 3 ¢cm and a pronounced time-independent drop was observed in the CIONO, signal
while the Cl, signal rose immediately. When the injector was pushed back to its starting position
a 2.6 rein, both CIONO, and Cl, returned quickly to their original levels. During this process,
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the gaseous HCI concentration also decreased due to the reaction, albeit to a lesser extent, No
release of HOCI into the gas phase was observed, Correcting the measured CIONO, and Cl,
signals for their relative sensitivities gave ayield of near unity for Cl,.

iN a separate experiment, the reaction of CIONQ, with dissolved HC] was studied at
excess CIONO, (Figure 7). (The initial partial pressures of CIONO, and HCI were 6.5x107 and
3x1 ()" “ 1 err, respect ively.) In this case, the gas-phase ] 1CI dropped immediately to zero upon
exposure, accompanied by a pronounced decline in CIONO,. An important difference between
Figures 6 and 7 is that with higher CIONO, partial pressures both Cl, and HOC] arc liberated into
the gas phase. It is also interesting to note that the rise of the HOCl signal had anoticeable delay
upon the exposure, whereas the fallof Cl, and the rise of 11C1were delayed when the exposure
was ended. These delays are likely due to the reaction of dissolved HCI with the remaining HOCI
in the solution.

Figure 8 illustrates CIONO,, 11CI1, HOCI, and Cl, signals as a function of the injector
position with @) Pyc; > Peiono: and B) Peionos > P, conducted at 203 K. In Figure 8(a), ¥, can
be calculated from the decay of the CIONO, signal or the growth of Cl, as a function of the
CIONO, injector position, both yielding a reaction probability of about 0.02 (the differenceis less
than 10 %). With Pciones > Pue (Figure 8(b)), the HIC] decay was initially very fast as Cl, rose
rapidly. During the process, little HOC! was released. At larger injector distances, the HCland
Cl, signals approached zero and an asymptotic value, respectively. The HOClsignal, on the other
hand, rose inaccord with the CIONQ, loss. Clearly, at smaller injector distances, the reaction of
CIONO, with HCIl was dominant. A reaction probability of 0.013 was derived from the initial
1 1Cldecay or Cl, growth, similar to that in Figure 8(a). When the gaseous HCI concentration
diminished at larger distances, the CIONO, hydrolysis became apparent, with a reaction
probability of 0.0035 (obtained from CIONO, decay). This later value is nearly identical to that
of CIONO, hydrolysis determined above. Hence, with CIONQO, in excess, both reactions 2 and
3 were observed, with reaction probabilities equal to those measured separately for the CIONO,
hydrolysis and for the CIONO, reaction with HCI.

Some experiments were performed by varying the gaseous 11Cl concentration at a constant
temperature. Figure 9 depicts the measured v,'s as a function of 1Cl partial pressure at 200 K

and Pyono, = 8x10-* Torr. It is evident that vy, varies with the HCI partial pressure: a change of
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Py from 2x107 10 2x10° Torr results in 7, values from 0.02 to 0.19. This is primarily due to
the increase in HCl dissolved in the film at higher 11(~1 partial pressures, as governed by Henry's
‘law (which linearly relates the concentration of gaseous HCIto thatin the liquid).

Results of ¥, measurements arc shown in Yigure10 as a function of temperature. The
open and filled symbols correspond to those determined from CIONO, decay and Cl, growth,
respectively. The top axislabels 11,S0, wt % estimated from the 1,0 vapor pressures in sulfuric

acid solutions.'®"

in these experiments, the HCl partial pressures fluctuated only slightly in the
range of (3-4)x1 07 Torr, and the initial partial pressures of 11CI were always higher than those
of CIONO, so that the pseudo first-order assumption applied (P¢ione,=8x107° to 2x10-" 1'err).
The parameterized temperature dependence of the v, data is aso listed in ‘1’able 1 with the
experimental conditions. The uncertainty in the ¥, values is approximately #30% for ¥><0.1.
Forlargery, values (which arc more sensitive to the Sas-phase diffusion), the uncertainty is as
large as a factor of 4. Some scatter in v, is aso related to variation in 1CI partial pressures
during the various experiments; a 7, variation of (3-4)x1 0”renders about a 20°/0 difference in
Y., according to Figure 9.

in ¥Yigure 10, vy, approaches 0.3 at 19S K, whereas the value at 212 K is more than two
orders of magnitude smaller. This profound temperature dependence appears to be correlated with
the amount of dissolved HClinthe film: at a fixed I’,,,, of 3.8x10** 1’ err, NCl volubility in 11,SO,
increases by about three orders of magnitude over the temperature range from 210 to 195 K .*"*
As explained above, this volubility behavioriscaused jointly by the changing temperature and
changing 112S04 content, when P, isheld constant

At present the nature of this reaction mechanism is still unknown It has been proposed
that reaction 2. may occur in two steps, i.c., reaction 1followed by reaction 3;* it is also
feasible that reaction 3 may enhance reaction 1 by refreshing the hiquid surface with H,0.
Alternatively, this reaction mechanism could simply be CIONO, reacting directly with HCI. As
demonstrated in Figure 6, no appearance of HOCI was observed in the reaction of CIONO, with
HCI, and almost all the CIONQO, loss was accountable due to its reaction with HCI (which can
beinferred from the Cl, rise). These observations do not enable us to separate the overall reaction
into steps even if it were taking place in multiple steps. It is also likely that the measured

CIONO, uptake in the presence of HClis due to reactions with both HCI and 11,0. The relative
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importance of reactions 1 and 2 is discussed below.

Also, separation of the measuredy, as being due to reaction on the surface or in the bulk
is not facile. Diffusion of CIONO, into the bulk and its subsequent reaction with dissolved 1l
would enhance the uptake taking place at the surface. We did not observe any further changes
in the CIONO, signal (nor CL,) after the initial dechine (or rise) uponexposure of CIONO, to
sulfuric acid (Yigure 6), suggesting that either the bulk reaction was too small to compete with
that onthe surface or CIONO, diffusion was very rapid so that only the combined reaction was
measured, Realization of these processes, however, could be important in calculating, the reaction
probabilities based on laboratory measured first-order rate coefficients and volubility constants,

as pointed out by Hanson and Ravishankara *°

Reaction of HOC! with 1C]

Reaction probability measurements bet ween HOCI and  1CI (y,) were conducted in the
same manner as those for the CIONO, reaction with 11CI Figure 11 presents a typica HOCI
reactive uptake at 203 K. The partial pressures for 1) and HOCI were 5x1 07 and1x10"‘ Jerr,
respectively. The HOC] uptake did not change with exposure time and, thus, there were no
saturation effects. This is to be expected if the product Cl, desorbs rapidly and the other product
11,0 incorporates into sulfuric acid. As stated previously, HOCI also physically dissolves in
11,80, solutions, Since the amount of Cl, produced was comparable to the HOCI lost, we
conclude that the decline in the HOCI signal is mainly due to the reaction with HCI. These
observations also confirm the near unit stoichiometry for this reaction.

‘10 better quantify the potential effect of 110(:1 dissolving in the film on the reaction
probability, we determinedy, both from the 11OCI decay and from the Cl, rise. Figure 12 shows
signals due to HOCI, HCI, and Cl, versus injector position, Two different HOCI partial pressures
were employed while the 11Cl partial pressure was held constant at 5x1 O’ *1'err, in Figure 1 2.(a),
the observed first-order loss coefficient for 110(~1 gave a reaction probability of O.14 vusing Pyq
= 9x 1 0°* Torr. The Cl, signal increased with injector distance in accord with the HOC] loss, with
acorresponding value of 0.12. Over the length of the substrate, 7, decreased by about 30°/0, In
Fipure 1 2(b), the HOCI partia pressure (7x10"1 err) slightly exceeded that of 1HCI. Again, both
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HOCland 11CI were lost as the Cl,signalincreased. In this case, the decay of HClfollowed the
first-order rate law, with ay; value of 0.091; the computed reaction probability based onthe Cl,
growth differed by about 15 %.

Results of v,'s measured at various HCI partial pressures are plottedin Figure 13. These
experiments were performed at 202 K and P, = 1x10“ Torr. The datain this figure display the
expected behavior: 7, increases with increasing Py, An increase in the reaction probability by
afactor of 4is observed as P, is varied from 3x10“7 to 2.x1 0 Torr. This is qualitatively the
same as that for the CIONO, reaction with HCl described above.

The temperature dependence of the 1JOClreaction with HCI is illustrated in ¥igure 14
using 1JOC] partial pressures of 9x10“8 to 1 xI 0" T'orr. The HCI partial pressure was maintained
in the range of (3-4)x10*7 “1’err, The symbols are the same as in ¥Figure 9; coefficients of a
polynomial fit of the data are summarizedin Table 1. The estimated uncertainty for these
measurements is similar to that discussed in the proceeding section for the CIONQ, reaction with
HClL

Reaction probabilities of HOCI with HClare in general larger than those measured for
CIONO, reacting with HCl (Figures 10 and14) by a factor of 3-7. For example, v, is greater than
0.3at 197 K and decreases to about 0.004 at 215 K. This apparently reflects the higher solubility
of 110(1 in sulfuric acid: the Henry's law volubility coefficient for HOCI is about an order of
magnitude greater than that for HClunder the same conditions.**Ihe mechanism for the reaction
of HOClwith HCl is likely 10 be acid-based catalysis, occurring after the uptake and subsequent
solvation of both species,

1 'Cl'(ag) + B'ClO(aq) -> Cly(g) -+ 11,0(aq) ()
Reaction (5) has been investigated by Ligen and Kustin® at room temperature. It was found to

be limited by liquid-phase diffusion.

The Effect of 1 INO, on Reactions 2 and 3

The effect of FINO, on reaction probabilities of HCI with CIONO, and HOCI has been
examined by first exposing the acid film to 11Cland HNO, vapors and allowing them to
equilibrate with the liquid. Because these experiments dealt virtually with the
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HNO,/HCI/H,S 0,/1,0 quaternary system, it would be important to verify the reaction products
or to look for possible new reactions, if any.

Mass scans before and after exposure of 110OCI to sulfuric acid arc shown in Yigure15
in the mass range from 30 to 100 amu. For smaller masses less than 30 amu, the presence of e,
11,0, and N, (i.e,, m/e= 4, 18, 28) in high concentrations tendedto distort (or saturate) the
spectra, because the mass spectrometer was operated at a very high multiplier voltage (i.e. 1.8
KV). At larger masses greater than 100 amuthe spectra was featureless. The experiment was
conducted at 198 K and partial pressures of 1 x107, 5x107, and 5x107 Torr for 11OCI, HCI, and
HNO,, respectively. The mass spectra of HCI, HNO,, and HOC]! before the exposure show their
characteristic peaks atm/e = 36, 46 and 52, with very little impurities (Figure 15(a)). Other mass
peaks at m/e = 32 and 44 were due to background O, and CO, and did not interfere with the
measurements. After the exposure (Figure 15(b)), several changes arc seen in the mass spectra
that reveal the reaction mechanism. The appearance of m/c 70, 72, and 74 shows the formation
of Cl,, accompanied by the complete disappear ancc of HOCI. Some 10ss in gaseous 11~.1 was aso
evident duc to the reaction with HOCIL The intensity at mass peak m/ec: 46 (corresponding to
HNO,) remained unchanged during this process. Also, there was no evidence for the occurrence
of C1,0 (m/e= 86), which has been suggested to form by the self-reaction of HOCI in sulfuric
acid.”’ These observations are consistent with the reaction of HOCI with HCI to form Cl, in this
multi-component system.

Figure 16 represents HOCI, 11(1, and Cl, signals as a function of injector distance: both
experiments were performed under the same conditions except that 1 INO, was present at a partial
pressure of ~ 5x1 07Torr in Figure 16(b). As apparent in this Figure, the 110CI decay (or Cl,
growth) with injector distance did not change noticeably with the addition of 11 NO,; the resulting
react ion probabilities were within 10°/0, Note that, although temperature and 11,0 partial pressure
in Figures 16(a) and (b) were the same, the concentrations of 11,S0O, in the films were different.
This isaresult of changing 11,SO, content in the 11,SO,/HINO,/1,0 ternary system; at a given
temperature, addition of HINO, to sulfuric acid solutions lowered the 1,0 partial pressure so that
extra } 1,0 was needed to hold the 11,0 partial pressure constant, A similar phenomenon affects
the sulfate aerosol composition in the stratosphere. '*'¢
Results of reaction probabilities for reaction 3 performed on the 112S0,/11N03/J~1/1120
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quaternary system are displayed inFigure 17 in the temperature range of 198-209 K, along with
the measured 7;'s excluding HINO, (the same as the solid line in Figure 14). At 198 K, the liquid
film could contain as much as 5 wt % }INO,, inferred from the ternary vapor pressure data of
Zhang ctal.”” Clearly, the difference in the reaction probabilities was negligible, considering
experimental uncertainties and scatter inthe present data.

Similarly, we studied reaction probabilities for reaction 2 in this quaternary system. Figure
18 shows mass spectra before and after exposing CIONOQ, to the film. In this case, contributions
to mass peaks m/e 46 were due to both CIONO, and HNO,. As shown in this figure, Cl, is
produced while gaseous HClislost, confirming no additional reactions involved.

Figure 19 shows CIONO,, HC], and Cl, signals versus injector position for experiments
a) without and b) with HNO,. A complication in Figure 19(b) is that CIONO, decay can no
longer be employed to derive the fist-order coefficient because of the interference from HNO,.
This problem, however, can be remedied by using the Cl, growth in both cases. Again, addition
of 1 INO, did not appear to influence the Cl, growth asa function of the injector distance.
Reaction probabilities derived from Figures 19(a) and (b) agreed within 109°0.

The fact that reaction probabilities for reactions 2 and3 are not significantly affected due
to the incorporation of HNO, into 11,SO, solutions IS intriguing. A possible explanation is that
both reactions produce Cl,, which does not dissolve in sulfuric acid. Furthermore, at agiven 1,0
partial pressure, the dissolution of 1INQ,in sulfuric, acid does notsignificantly alter the }Cl
volubility at temperatures near 200 K; instead, it may make HCI slightly more soluble, by

reducing the 11,80, content.”’
Discussion
Comparison with Previous Results

The CIONO, hydrolysis on liquid sulfuric acid has been previously investigated by several

groups'}?,??,?‘),‘i?

in Figure 20, comparison is made between the present results and previous
measurements. The open squares arc data measwied at 210 K by Tolbert ct al.;”’ the open

triangles are data at 223 K from Williams et al.* Both studies used a Knudson cell technique.
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The solid squares are the most recent measurements from Hanson and Ravishankara® at 202 K.
Shown as the solidline js the fit of the present data, converted to 1,50, wt % based on the
temperature and 11,0 partial pressute. The reaction probabilities we obtained arc in good
agreement with the those reported by Hanson and Ravish ankara, whereas our values arc slightly
higher (or lower) than those from the SR1 group in less (or more) concentrated 11,SO, solutions.

Figure 21 compares our results of 1 cacti on 2 with the measurements of 1lanson and
Ravishankara.29 They investigated 7, dependence onthe HCl partial pressure at 2.03 K. The data
from their measurements, plotted as the solid squares, arc taken at ¢ = 4x10-7 Torr. Despite
some temperature differences with which the two measurements were carried out, the agreement
is excellent. Theoretical predictions of uptake coefficients for reaction 2 by Hansoneta .,*
however, yield results considerably smaller than those in Figure 2.1. It is now realized that this
isduc to improper assumptions concerning the second-order rate coefficients (k").

Available laboratory data of reaction probabilities for reaction 3 on sulfuric acid arc rather
limited. 1 1anson and Ravishankara®*** studied this reaction for a 60 wt 0/0 11,SO, solution: a value
of 1.6x 10S M™' s*’ for k" was inferred. On the basis of our measured v,'s, we estimate this rate
coefficient directly using®

1 /y,(obs) 1 /o + [OI] 411 11 7K"Y (6)
where o is the mass accommodation (assumed unity here), )t the gas constant, 7 the temperature,
® the mean molecular speed, and k'= K"[HC1] is the pscudo-first-order rate coefficient for the
reaction of HOC! with HCl in the liquid. Values of liquid-phase diffusion coefficients (/J,) and
effective Henry's law coefficients ('), necded to extract k", arc taken from the results of 1lanson
and Ravishankara.*”® The calculated #” ranges from 1.35x10$ to about1.0x10°M™' S for acid
contents from 60 to 50 wt“/o: for the 60 wt °/0 112504, the value for k"' is consistent with that
reported by Hanson and Ravishankara*® The v,'s computed by }lanson etal ** assuming a

constant k", exhibit some systematic departure from the present results.

Relative Importance between CIONO,_ Hydrolysis and CIONO,_Reaction with HCI

As discussed above, in the experiments when 1Cl is absent, HOCI is the only product of
the reaction of CIONO, with H,0 (¥igure 3). With addition of gaseous HCI at a partial pressure
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of (3-4)x10-7 Torr (which is equivalent to the HCl mixing ratio of afew ppbv in the stratosphere),
no HOCI is liberated into the gas phase when HCl is in excess over CIONO, (Figure 6).
Inspection of Figure 6 may lead, at first sight, to the conclusion that CIONO, hydrolysis will be
less important because no gaseous HOC! can be produced. This, however, may not be necessarily
true for submicron-sized sulfate aerosols in the stratosphere. Consider a spherical droplet of radius
a.The characteristic time for liquid diffusion within the particle is given by,*
1= dI(WD) (7)
This diffusion time needs to be compared with the reaction time of HOC! with dissolved HCI
(given by the inverse of the first order loss rate cocfficient, 1/k’) to determine the overall reaction
product on the .droplet. For a stratospheric aerosol of about 0,1 um, the ratio of diffusion to
reaction time constants is on the order 10-3-10-?. Therefore, HOCI generated by the CIONO,
hydrolysis will likely diffuse out of the droplet before having a chance to react with 1] Cl.
in the case of two reactions (i.e. 1 and2) competing in the liquidin the present
measurements, the overall uptake coefficient shown in Figure 10 may be expressed as,”®
1 py(obs) Va4 oA RTD (K, o 1 K ye)) = 1 /1% (obs)(1 4 9% (8)
where 7 is the ratio of the first-order loss rate coefficients for CIONO, reaction with 1,0 (k'};,0)
anddissolved HICI(k'),)). From 195 t0 210 K, this ratio varies from 52 to 2.4, derived directly
from our measured reaction probabilities of v,(obs)(Figure 5) and y,(obs) (Figure 10). These
values of r are then used to calculate the fraction of CIONQO, uptake clue to reaction with HCI
v." =, (obs)/(1 4 P 9)
and due to reaction with 11,0
v,20 = v (obs)/(1 4 1) (lo)
The results are portrayed in Figure 22: the calculated contribution of CIONO, hydrolysis to the
overal uptake coefficient at temperatures of 2.00 and 210 K is about 6 and 30°/0, respectively.
Clearly, at lower temperatures and at 7}, = (3-4)x10“7 Torr the reaction of CIONO, with

dissolved 11Clis dominant.

Correction for ¥inite Aerosol Sizes
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Since reaction probabilities were measured onbulk liquid 1 1,SO, surfaces in this work,
application of the present data to the stratosphere requires correction for the finite dimension of
the sulfate acrosols. In general, the reaction probability cm small aerosols (y,) is related to the
laboratory measured (Y,) value by,”*

17y, =1 a4 1/y,(cothg . 1/q)] (11)
where g is the diffuso-reactive parameter, defined by ¢ = a(k'/)))* or ¢ = a/l (I is the diffuso-
reactive length). We have used the diffuso-reactive length for CIONO, in sulfuric acid suggested
by Hanson and Ravishankara,” which is inversely proportional to the squareroot of water
activity. To estimate / for HOC!in sulfuric acid, wc calculate the first-order loss coefficient based
on the measured reaction probabilities of HOCI with HCI, using equation (6) and }'(1))"
measured by Hanson and Ravishankara.™

Shown in Figure 23 are tbe reaction probabilities relevant to a nominal 0.1 pm aerosol
particle. Figure 23 indicates that v, is much smaller than ‘y,, for reaction 3, while vy, is very close
to v, for reactions 1 and 2. Note that the correction for the aerosol size is dependent on a
knowledge of CIONQO, solubility in sulfuric acid, which is not directly measurable. Also,
available information on liquid-phase diffusion cocfficients in sulfuric acid is very limited. Hence,

the treatment using equation (1 1) may introduce considerable uncertainty.

Reaction Probabilities on the 11,SO,/HHNO,/1 1,0 Ternary System

We have shown in this work that uptake coefficients for reactions 2 and 3 do not change
appreciably on the 11,SO,/HINO,/H,0 ternary solution compared to those on the 112S04/1 1,0
binary solution at temperatures near or slightly less than 200 K. These measurements, however,
arc restricted to temperatures above 195 K, because of the freezing, of theliquid film, in the
stratosphere the composition of sulfate aerosols changes rapidly with decreasing temperature, by
absorbing 1,0 and 1INO,: at very low temperatures (<192 K) the acrosols could transform
essentially into IINO, and } 1,0 binary solutions,'*'*'¢ if crystallization is inhibited. in light of
previous laboratory observations that incorporation of HNQ, in sulfuric acid may increase 1Cl
volubility by reducing the 1,S0,content,”’” reactions 2 and 3 could be enhanced due to

dissolution of HINO,. The present results reveal that at temperatures near 195 K these reaction
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probabilities are already quite high, approaching, a few tenths. As aresult, it islikely that in very

cold stratospheric regions the rate-lilllitillg step is gas phase diffusion.

Conclusions

In this work we have investigated heterogeneous reactions 1-3 on liquid sulfuric acid
sutfaces. Reaction probabilities for these reactions have been measured in the temperature range
of 195 to 220 K: by maintaining, a constant 11,0 partial pressure typical of the lower stratosphere,
weare able to simulate the composition representative of stratospheric sulfate aerosols. The data
reveal that these reactions depend on temperatures or 11,SO, wt O/O. The reaction probability for
CIONO, hydrolysis approaches 0,01 at temperatures below 200 K, whereasthe values for
CIONO, and HOC]I reacting with HCI arc on the order of a few tenths at 200 K. The results
corroborate earlier studies that heterogeneous reactions involving (10NO,, HCI, and HOCI could
provide important pathways for chlorine activation at high latitudes in winter and early spring. '***

The relative importance or competition between CIONO, hydrolysis (reaction 1 ) and
CIONO, reaction with HCI (reaction 2) has also been examined. The data imply that in the
presence of gaseous 1CImol ecules at stratospheric concentrations, the reaction of CIONO, with
HCI is dominant at low temperatures (< 200 K), but the CIONO, hydrolysis becomes important
at temperatures above 210 K.

Lastly, at temperatures near 200 K orslightly less than 200 K, reaction probability
measurements performed on the 11,SO,/1INO,/H1,0 ternary solutions do not exhibit noticeable
deviation from those performed on the 11,50,/11,0 binary system, showing little effect of 1 INO,
in sulfate aerosols on the CIONQO, and HOCI reactions with HCI. Our results suggest that at low
temperatures (< 195 K) these reaction probabilities arc so large that gas phase diffusion is likely
the rate-limiting, step in the stratosphere.
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Table 1. Summary and Parameterization® of the Reaction Probability () Measurements

Reaction
a
CIONO, -1 11,0 114,3935
CI10ONO, 4 11C) 75.0581
HocCi - 1cCl -42,5380

“logy: a1 @l + a1”

Coefficients
a, a,
-1.0396 0,00229
-0.6158  0.001]"/
0,5238 -0,00157

Ixperimental Conditions

Py = 3.8 X10-4
Peionor = 8x1 0* t02x 10-7 Torr
7:-1951t0 220 K

Proo = 3.8x1 0*Torr

Peonor © 8x1 0°102x1 07 Torr
Pre = 3x1 0" t04x107 Torr
7" 19510 212 K

Pioo = 3.8x10*Torr

Phog= 9x10” 10 Ix10” "Torr
P 3x107 10 4x10” Ton
719510212 K




Figure 1.

Figure 2.

Figure 3.

Figure 4.

Figure 5.

Figure 6.

FIGURE CAPTIONS

Schematic diagram of the flow reactor.

Physical uptake of HCl, HOCI and IINO, when exposed to a IO-cm length
sulfuric acid film at 7., = 3.8x10" Torr: (a) for HICl at 202K and P, = 5x107
“L'err, (b) for HOClat 204 K and Pyoci= 1x107 ‘verr, and (c) for HNO, at 202 K
and I, y0: = 5X1 0" Torr. ‘I"he injector was moved upstream at 2. rei,) and, for (a)
and (b), returned to its original position at 4 min. The average flow velocity of the
carrier gas was 890 cm SH.

Temporal profiles of CIONO, and HOCI as CIONO, was exposed and not exposed
to a 10-cm length liquid sulfuric acid film. The HOCI signal exhibited a noticeable
delay when the injector was positioned both upstream and downstream, as a result
of HOClbeing physically dissolved in sulfuric acid. Experimental conditions:
Peionoa ™ 1X107 Torr, Py, 3.8x10* Jerr, p, - 0.5°Jerr, flow velocity = 897 cm
s', and 7'= 199 K.

CIONO, and HOCI as a function of injector position, z. (@) O = CIONO, decay;
(b) A=1OCIgrowth,.= plot of S, ., (=) - S}0c(2) where Syoa(e<) IS the HOCI
sighal at larger distance (see text for details). Both CIONO, decay and HOC]I
growth are found to follow first-order Kkinetics, yielding reaction probabilities of
0.012 and 0.010, respectively. Experimental conditions. Pcione, = 1.2xX 10-7 ‘Jerr,
P = 3,8x1 0*Torr, P,.: 0.5 ‘Jerr, flow velocity = 921 em s, and 7' 199 K.
Reaction probability (7y,) for C1IONO, hydrolysis on liquid sulfuric acid films as
afunction of temperature at 7, = 3.8x10"4 Torr. Open circles are ,'s determined
from CIONO, decay, and solid ones from HOCI growth. The solid curve is a
polynomial fit to the experimental data and the coefficients are summarized in
‘Jable 1, The top axis corresponds to 11,SO, wt % estimated from the temperature
and P, based 011 vapor pressure data of sulfuric acid solutions.'®*' Experimental
conditions: Peione; = 8x1 0°°to 2x] 07 Torr, p, - 05 "Jéfr, andflow velocity = 890
to 925 cm s,

‘Temporal profiles of CIONO,, HC, Cl, and HOCl as CIONO, was exposed and

not exposed to a 3-cm length liquid sulfuric acid film. With HClin excess, little,




Figure 7.

Figure 8.

Figure 9.

Figure 10,

Yigure 11

if any,” HOCI was liberated into the gas phase. Ixperimental condifions: Peionen =
1xl 07 L er, Py =5x10"“Ler, P,,,:3.8x10* L'er, P, - 0.5“J er, flow velocity
=931 cm S, anti 7= 202 K.

Temporal profiles of CIONO, (solid squares), HCI (solid triangles), Cl, (open
diamonds), and HOCI (open circles) as C10NO, was exposed and not exposed to
a 10-cm length liquid sulfuric acid film. With CIONO, in excess, the gascous HC]
concentration dropped to near zero upon exposure. Both Cl, and 110CI were
liberated into the gas phase. Experimental conditions: F’ciono2=6.5x107 Torr, Py
=3x1 07“2'er, P,,,:3.8x10-" Torr, 1.= 0.5“1 err, flow velocity = 890 cm S,
and 7" = 202 K.

CIONO, (open triangles), HCl(solid triangles), Cl, (open circles), and HOCI (solid
squares) as a function of injector position with (8) Pye; > Poionor (ie., Peionos =
1 .4x1 0" Torrand P, ,,= 5.3x 107 ‘2er), and (b) Peionos > Pucr (-6 Peionor”
7.2x1 0" Torrand P, ,y=  3.3x1 0“"Torr).In (a) the reaction probabilities
corresponding t0 CIONQO, decay and Cl, growth are 0.022 and’ 0.020, respectively.
in (b) the initial 1Cldecay at smaller injector distances leads to a reaction
probability of 0.013, while the CIONO, decay atlargerinjector distances
corresponds to a value of 0.0035. Experimental conditions: P20 = 3.8x10* ‘Jer,
Py = 05 "2err, flow velocity = 901 cm S*’, and7'= 2.03 K.

Reaction probabilities (vy,) of CIONO, with HCl on liquid sulfuric acid films as
afunction of /' 4. The solid curve is a polynomial fit to the experimental data
Experimental conditions: Peionor = 8x10° “1err, Pio™3.8x 10-4 Torr, Ve - 0.5
‘Jerr, flow velocity : 900 to 920c¢m s-’, and 7' = 200 K.

Reaction probability (y,) of CIONO, with HCl on liquid sulfuric acid films as a
function of temperature at 7,07 3.8X1 0-” Torr. The openandfilled symbols arc
Y,'s determined from CIONO, decay and C1,growth, respectively. The solid curve
is a polynomial fit to the experimental dataand the coefficients arc summarized
in 1°able 1. Experimental conditions: Pcionos < 8x1 O** to 2x10°7 ‘ L'err, Py¢,= 3x1 0
to 4x10" Lerr, .= 0.5 ‘Ler, and flow velocity : 890 to 925 cms™.

Temporal profiles of HCI, Cl, and HOCI as HOCI was exposed and not exposed

to @ 2-cm length liquid sulfuric acid film. Experimental conditions: Pyoci* 1x107



Figure 12.

Figure 13.

Figure 14.

Figure 15,

Figure 16.

Figure 17,

verr, Pye® 5x107 Torr, P = 3.8x1 0 “Terr, Py, = 0.5 ‘Jerr, flow velocity = 915
ems ‘, and7': 203 K.

HOCI (open sguares), Cl, (open circles), and (I (solid triangles) as a function
of injector position with (a) Py, > P o) (Phoe = 9x10-8 *Jerr), and (b) 770> Py
Phoc = X1 07 ‘Jerr). in (a) the reaction probabilities are 0.14 and0.12
corresponding to 110~1 decay and Cl, growth, while in (b) these values are 0.091
and 0.10. Experimental conditions: 7.,z 5x10“7 “1'efr, Py,0°3.8x10%“ L err, 7,
= 0.5 ‘I'or-r, flow velocity =- 901 cm s, and7'= 198 K.

Reaction probabilitics (y,) of HOCI with HCI on liquid sulfuric acid films as a
function of P, “I"he solid curve is a polynomial fit to the experimental data.
Experimental conditions. 7,;oc=1x1 0 Jerr, Py, = 3.8x10°4 ‘L err, 1,2 0.5 Jerr,
flow velocity = 890 to 925 ¢cm S, and 7= 202 K.

Reaction probability (y;) of HOCI with HClon liquid sulfuric acid films as a
function of temperature at /’;,, = 3.8x10“4 Torr. The open anti filled symbols arc
Y,'s determined from the HOCldecay and Ci, growth, respectively. The solid
curve is a polynomia fit to the experimenta data and the coefficients arc
summarized in Table 1, Experimental conditions: P ¢ 9x 10** to 1 x 10-7 ‘Jerr,
Pye7 3x10°7 to 4x10°7 ‘Lerr, P, = 0.5'Jerr, and flow velocity = 890 to 925 cm
s,

Mass spectrometer scans before (a) and after (b) exposure of 110(1 to a liquid
sulfuric acid film doped with HCI and HINO,. Experimental conditions: Pyoq *
1x107 Torr, Py = 5x107 T @rr, Py, = 5x10" “Jerr, p

no

0.5 ‘Jer, flow velocity : 921 ems™, and 7' 198 K. See text for details.

= 3.8x1 ()*Torr, Py, -

110~1 (open sguares), Cl, (open circles), and HCI (solid triangles) as a function
of injector position without (a) and with (b) 1 INO,. Both 110~1 decay and Cl,
growth with injector distance did not change appreciably with addition of 1 INO,.
Figure16(a) isthe same as Figure 1 2(a). In (b) the reaction probabilities are 0.135
ant{ 0.140 corresponding to 11OCldecay and Cl, growth, Experimental conditions:
Proer s 1X1 07T err, Py, = 5x107 Torr, Pyyoss 5X 1047 ‘1'err, Py 3.8x10°4 ‘Terr,
Pyt 05 ‘Ler, flow velocity : 901 cm s, and7'= 198 K.

Reaction probability (7y,) of HOCI with HCI on liquid sulfuric acid films doped




Figure 18.

Figure 19.

Figure 20.

Figure 21.

Figure 22.

Figure 23.

with HNO,, as a function of temperature at 0= 3.8x 10" Torr. Thesolid curve
is 7y, deter-mind earlier without H1NO,. Experimental conditions: Py,7 9X10-"to
1xI 0"“Lerr, Py 3x1 0"todx10" Lerr, Py, 0,5 Torr,andflow velocity = 890
10925 cm s,

Mass spectrometer scans before (a) and after (b) exposure of CIONO, to aliquid
sulfuric acid film doped with HCI and H NO,. Experimental conditions: Peioye, ©
1.4x1 0" Jerr, P,y = 5X10°7 ‘1 e, Pypos: 5X10°7 “J err, Py 3.8x10-" ‘Jer, 1y, =
0,5 Jerr, flow velocity = 921 ecm s, and 7" = 198 K.

CIONO, (open squares), Cl, (open circles), anti 11CI (solid triangles) as a function
of injector position without (&) and with (b) HINO,. The Cl, growth with injector
distance did not change appreciably with addition of 1INQ,. in (a) the reaction
probabilities arc 0.042 and 0.045 corresponding to CIONQO, decay and Cl, growth,
while in (b) the value is 0.046 for Cl, growth. Experimental conditions: Pe 0, =
Ix10“"“Jerr, Pyey* 4x] 07 Jerr, Py, 5x107 T err, Py, =3,8x] 0 Jerr, p, -
0.5 Torr, flow velocity= 911 emy S, and 77 = 200 K,

comparison of reaction probabilities for CIONO, hydrolysis among various
studies: Hansonand Ravish ankara®® (M), Williams et al.*' (A), and Tolbertetal ”’
(L. ‘I'be solid line represents afit of the present data.

Comparison of reaction probabilities for CIONO, with HCI between this work
(solid line) ant] those reported by Hanson and Ravishankara® (solid squares).
Partitioning of the overall uptake coefficients of CIONO, with dissolved HCI
(solid curve) into those duetoCIONO, hydrolysis (short dashed curve) and duc
to C1ONO, reaction with HCI (long dashed curve), using equations (8) to (10). Sec
text for details.

Corrected reaction probabilities (clashed curves) 1elevant to a nominal 0.1 pm
acrosol particle based on equation (1 1), along with those pertinent to the bulk

solutions (solid curves). Sce text for details.
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